Despite the tremendous importance of secondary metabolites for humans as for the plant itself, plant secondary metabolism remains poorly characterized. Here, we present an experimental approach, based on functional genomics, to facilitate gene discovery in plant secondary metabolism. Targeted metabolite analysis was combined with cDNA-amplified fragment length polymorphism-based transcript profiling of jasmonate-elicited tobacco Bright yellow 2 cells. Transcriptome analysis suggested an extensive jasmonatemediated genetic reprogramming of metabolism, which correlated well with the observed shifts in the biosynthesis of the metabolites investigated. This method, which in addition to transcriptome data also generates gene tags, in the future might lead to the creation of novel tools for metabolic engineering of medicinal plant systems in general. P lants are capable of synthesizing an overwhelming variety of low-molecular-weight organic compounds called secondary metabolites, usually with unique and complex structures. Presently, Ϸ100,000 such compounds have been isolated from higher plants (1). Numerous plant secondary metabolites possess interesting biological activities and find applications, such as pharmaceuticals, insecticides, dyes, flavors, and fragrances. Although secondary metabolism offers attractive targets for plant breeding, the enormous biosynthetic potential of plant cells is still not being exploited. In sharp contrast, metabolism of microorganisms has been successfully engineered for increased production of pharmaceuticals or novel compounds (2, 3). Despite a few decades of research, plant secondary metabolism remains poorly characterized (4). Genetic maps of biosynthetic pathways are still far from complete, whereas knowledge on the regulation of these pathways is practically nonexistent. However, such knowledge is of crucial importance to bypass the low product yield of various secondary metabolites in plants or plant cell cultures.
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lants are capable of synthesizing an overwhelming variety of low-molecular-weight organic compounds called secondary metabolites, usually with unique and complex structures. Presently, Ϸ100,000 such compounds have been isolated from higher plants (1) . Numerous plant secondary metabolites possess interesting biological activities and find applications, such as pharmaceuticals, insecticides, dyes, flavors, and fragrances. Although secondary metabolism offers attractive targets for plant breeding, the enormous biosynthetic potential of plant cells is still not being exploited. In sharp contrast, metabolism of microorganisms has been successfully engineered for increased production of pharmaceuticals or novel compounds (2, 3) . Despite a few decades of research, plant secondary metabolism remains poorly characterized (4) . Genetic maps of biosynthetic pathways are still far from complete, whereas knowledge on the regulation of these pathways is practically nonexistent. However, such knowledge is of crucial importance to bypass the low product yield of various secondary metabolites in plants or plant cell cultures.
Functional genomics approaches are powerful tools to accelerate comprehensive investigations of cellular metabolism in specialized tissues or whole organisms (5) . Yet, related to plant secondary metabolism, only a few reports have been published on such studies, which include the use of comparative quantitative trait loci mapping (6) , 2D gel electrophoresis-based proteomics (7) , or transcript analysis tools, such as differential display (8, 9) , EST databases (10) (11) (12) , and microarrays (13, 14) . Nevertheless, still little is known about the genetics that control quantitatively and qualitatively natural variation in secondary metabolism.
Because of the lack of extensive genomic data for the vast majority of medicinal plants, it is difficult to use the commonly used microarray-based approach for transcriptome analysis in these plant systems. Such an approach requires prior development of large EST or cDNA clone collections (13, 14) . As such, the cDNA-amplified fragment length polymorphism (AFLP) technology (15) (16) (17) offers an attractive alternative to identify genes involved in plant secondary metabolism. This method provides quantitative expression profiles, does not require prior sequence information, and, most importantly, allows the identification of novel genes. Here, we applied this technology, in combination with targeted metabolite analysis, on jasmonateelicited tobacco Bright yellow 2 (BY-2) cell cultures. A transcriptome of nearly 600 jasmonate-modulated genes could be composed that was compared with the observed jasmonateinduced shifts in biosynthesis of tobacco metabolites and similar transcriptome analyses previously reported for tobacco and Arabidopsis plants.
Materials and Methods
Maintenance and Methyl Jasmonate Elicitation of BY-2 Cells. Cultured suspensions of Nicotiana tabacum L. cv. BY-2 cells were maintained as described (18) . For methyl jasmonate elicitation, a 6-day-old culture was diluted 10-fold in fresh medium without growth regulators and grown for 12 h. Subsequently, methyl jasmonate (Duchefa, Haarlem, The Netherlands) at a final concentration of 50 M was added to the culture, or an equivalent amount of DMSO (the solvent of methyl jasmonate) as a control. For the transcript profiling analysis, samples were taken at 0, 1, 2, 4, 6, 8, 10, 12, 16, 24, and 48 h after jasmonate addition or at 0, 4, 8, 12, 24 , and 48 h after DMSO addition. For metabolic analysis, samples were taken at 0, 12, 16, 20, 24, 36, 48 , and 98 h, either after jasmonate or DMSO addition. Before further analysis, cells were washed, vacuum-filtered, and lyophilized.
cDNA-AFLP Transcript Profiling. cDNA-AFLP-based transcript profiling was performed as described (16, 17) . On RNA extraction and cDNA synthesis, each sample was digested first with MseI, followed by BstYI (Mse͞Bst), or vice versa (Bst͞Mse). After selective preamplification, messengers were screened with two or three additional selective nucleotides for the Mse͞Bst and Bst͞Mse templates, respectively. All possible primer combinations (160 total) were used. As such, a high-resolution genomewide transcript profile covering at least 60% of all mRNAs is obtained (17) . Quantitative data analysis was performed with AF LP-QUANTARPRO software (Keygene, Wageningen, The Netherlands). For each transcript tag, an indicative variation value was calculated by dividing the maximum value over the time course by the minimum value. Expression profiles with an indicative value of Ͻ4.0 were considered to be constitutive throughout the time course. This cut-off value was chosen in conformity with visual scoring of cDNA-AFLP gels to avoid identifying false positives created by PCR artifacts. Subsequently, each expression profile of individual genes was variance-normalized by standard statistical approaches used for microarray-derived data (19) . For each transcript, the mean expression value over the time course of the DMSO-treated samples was subtracted from each individual data point after which the obtained value was divided by the standard deviation. CLUSTER and TREEVIEW software (20) were used for average linkage hierarchical clustering. To characterize the jasmonatemodulated cDNA-AFLP fragments, the sequences, obtained from either the reamplified PCR product or individual clones after cloning these PCR products in pGEM-T easy (Promega), were compared against nucleotide and protein sequences in the publicly available databases by BLAST sequence alignments (21) . When available, tag sequences were replaced with longer EST or isolated cDNA sequences to increase the chance of finding significant homology.
Metabolite Analysis. Alkaloids were extracted for GC-MS analysis as follows. Cells were weighed, and an internal standard (5␣-cholestan) was added. The aqueous samples were made alkaline with ammonia [10% (vol͞vol)] and were extracted by vortexing with dichloromethane. After centrifugation (2,000 ϫ g, 10 min), the lower organic layer was separated and concentrated to 50 l. Aliquots (3 l) were injected to a 5890 gas chromatograph (Hewlett-Packard) coupled to a 5970 quadrupole mass selective detector (Hewlett-Packard). The analyses were performed on an NB-54 fused silica capillary column (15 m, 0.20-mm inner diameter; HNU-Nordion, Helsinki) by using split sampling mode (50:1) and a programmed oven temperature from 100 to 250°C at 7°C͞min. The injector and detector temperatures were 250°C, and the analysis time was 30 min. Polyamines were extracted and quantified as described (22) . For detection with TLC, phenylpropanoids were extracted as described (23) . TLC was performed with ethylacetate͞methanol͞H 2 O (75͞15͞10) running buffer and spots were visualized under UV 254 either before or after spraying with 1% AlCl 2 solution (24, 25) . For further analysis, phenylpropanoids were extracted by two different methods (23, 26) , after which samples were subjected to acidic hydrolysis by adding 20% (vol͞vol) HCl and incubated for 1 h at 80°C. Flavonoid aglycones and simple coumarins containing hydroxyl groups were determined as trimethylsilyl derivatives by GC-MS on unpolar columns. Both cell and media samples were assayed. Sesquiterpenes were extracted and detected by TLC as described (27) and by GC-MS concurrent with nicotine alkaloid analysis. Samples for carotenoid and sterol analysis were prepared by saponifying 1 g of freeze-dried cells. The isolated unsaponified matter was subsequently extracted into diethylether. Carotenoids were detected on a Waters Spherisorb ODS-1 column (4 ϫ 250 mm, 5 m; Alltech Associates) at 453 nm using methanol-tetrahydrofurane (95:5) as an eluent (isocratic, 0.8 ml͞min), whereas the presence of sterols was verified by GC-MS after trimethylsilylation.
Results

Jasmonate-Mediated Elicitation of Secondary Metabolism in Tobacco
BY-2 Cell Cultures. Tobacco has an ample catalog of secondary metabolites (28), of which some are known to be elicitorinducible in cell cultures. Here, we studied the change in the transcriptome of tobacco BY-2 cells as a consequence of elicitation. The most pronounced secondary metabolites of tobacco are the nicotine alkaloids, which were chosen as reference metabolites. The biosynthesis of nicotine is partially characterized and known to be elicited in BY-2 cells after removal of the growth hormone 2,4-D and the subsequent addition of methyl jasmonate, an oxylipin-type signaling molecule (29) . The effects of methyl jasmonate treatment on BY-2 growth and the production of nicotine alkaloids are shown in Fig. 1 A and B . During the first 36 h, control cells and cells treated with jasmonate displayed similar growth rates, but after this initial period, cell growth was drastically reduced in jasmonate-treated cells when compared with nontreated cells. At this stage, jasmonate-treated BY-2 cells also exchanged their ''bright yellow'' appearance for a more ''bright orange''-like color ( Fig. 1 A) . This color change was not further investigated considering the complexity of the observed jasmonate-mediated genetic reprogramming of tobacco metabolism (see below). The elicitation-dependent accu- mulation of nicotine was detectable after Ϸ12 h and reached rapidly its maximum level toward the end of the experimental period (48 h; Fig. 1B ). For the genome-wide transcript profiling, samples were taken covering the 48-h experimental period, focusing on the initial 12 h.
Quantitative and Qualitative Analysis of Jasmonate-Modulated Gene
Expression. Quantitative temporal accumulation patterns of Ϸ20,000 transcript tags were determined and analyzed (see Fig.  3 , which is published as supporting information on the PNAS web site, www.pnas.org). In total, 591 methyl jasmonatemodulated (MJM) transcript tags were isolated. Direct sequencing of the PCR products gave good-quality sequences for Ϸ78% of the fragments (see Table 2 , which is published as supporting information on the PNAS web site). To the remaining 22%, no unique sequence could be attributed unambiguously. Cloning of these tags and sequencing of individual colonies revealed that the isolated bands consisted of two to four comigrating fragments of different genes (data not shown). Data of these multiple MJM tags were not incorporated for further discussion, because the corresponding expression profiles are the result of multiple superimposed expression profiles, and interpretation of such data consequently is prone to be erroneous. Homology searches with the sequences from the unique gene tags (459 in total, hereafter referred to as the MJM tags) revealed that 58% of these tags displayed similarity with genes of known functions and 16% with a gene without allocated function. In contrast, no homology to a known sequence was found for 26% of the tags (Table 1; see also Table 2 ). The similarity threshold maintained for BLAST searches was established at a value of 10e
Ϫ3
. However, due to the small size of some tags, in a few cases (see Table 2 ) a lower e value was accepted when unambiguous matches were observed. The MJM tags could be classified into nine functional groups (Table 1) according to the Munich Information Center for Protein Sequences (http:͞͞mips.gsf.de). The vast majority (82%) of jasmonate-modulated genes was up-regulated by jasmonate elicitation, of which Ϸ70% within 4 h after jasmonate elicitation. The group of jasmonate-repressed genes comprised 18% of the isolated gene tags ( Fig. 2A ; see also Table 2 ). Besides numerous novel genes, either with or without existing homologs of unknown function that were identified as jasmonate responsive, the generated gene platform in general correlated well with earlier reports on jasmonate-or wounding-modulated transcriptomes (30) (31) (32) (33) as well as other jasmonate-modulated cellular and metabolic events (34, 35) . For instance, genes involved in stress responses, such as cell wall modifications, oxidative burst, and production of defense molecules are clearly up-regulated (see Table 2 ). Another example of up-regulated genes was provided by a group of genes (putatively) involved in the biosynthesis of jasmonates (see Fig. 4 , which is published as supporting information on the PNAS web site), an event, which is known to be subject to positive feedback regulation (36, 37) . The predominance of jasmonate-up-regulated genes most probably reflects the basic metabolism and physiology, necessary and sufficient to sustain growth of a cell suspension culture, such as tobacco BY-cells (18) .
Nicotine Alkaloids and Polyamines. The MJM data set revealed the presence of five of the genes that are known to be involved in nicotine biosynthesis in Nicotiana species, most of which were early (within 1-2 h) induced by methyl jasmonate in tobacco BY-2 cells, and thus appear to be coregulated (Fig. 2 B-D ; see also Table 2 ). Arginine decarboxylase and ornithine decarboxylase (structural genes for the biosynthesis of the Nmethylpyrrolinium moiety), aspartate oxidase and quinolinate phosphoribosyltransferase (structural genes for the biosynthesis of the nicotinic acid moiety), and S-adenosyl-L-methionine synthetase (structural gene for the catalysis of the methyl-group donor for nicotine biosynthesis) responded. Another structural gene, responsible for the so-called ''first committed step'' in nicotine biosynthesis, i.e., putrescine methyl transferase (pmt), could not be identified with the cDNA-AFLP method used here because its nucleotide sequence does not harbor a BstYI restriction site (38, 39) . Nonetheless, RT-PCR analysis clearly showed that expression of the pmt gene is also up-regulated as early as 1 h after jasmonate treatment (Fig. 2E) and thus demonstrates the coregulation of the pmt gene(s) with the other nicotine metabolic genes. These findings correlate well with earlier reports on the jasmonate inducibility of the genes encoding ornithine decarboxylase and PMT (29) .
Elicitation of BY-2 cells by methyl jasmonate not only leads to accumulation of nicotine but also causes a marked increase in the content of various nicotinic acid-derived alkaloids, such as two anatalline isomers and anatabine (Fig. 1B) . The GC-MS spectra of the alkaloids (see Table 3 , which is published as supporting information on the PNAS web site) were similar to those obtained by either synthesis (40) or isolation from leaves and roots of Duboisia hopwoodii (41) or N. tabacum roots (42) . Anabasine is a minor compound, which most probably is rapidly metabolized to anatalline (Fig. 2B) . Similarly, nicotinic acid seems to be used effectively for the production of high amounts of anatabine, for which both heterocyclic rings are derived from nicotinic acid (Fig. 2B) (43) . In contrast to the other nicotine alkaloids, anatalline had not been detected in BY-2 cells before. Although nicotine and anatabine started to accumulate after 12 h, the amounts of anabasine and anatalline increased after only 24 h (Fig. 1B) . At later time points (98 h), all alkaloids reached their maximum levels but, in case of anatabine only, also accumulated in the culture medium (data not shown). In nonelicited BY-2 cells, trace amounts of nicotine were detected only after 98 h, whereas none of the other nicotine alkaloids could be perceived. In tobacco plants, either nicotine or nornicotine is the predominant alkaloid. In contrast, in elicited BY-2 cells, anatabine and anatalline are the main alkaloid components, whereas no nornicotine could be detected and nicotine was present as a minor compound only. To our knowledge, no genes have been identified that are involved in the biosynthesis of the nicotinic acid-derived compounds, other than nicotine. Functional analysis of novel MJM genes could resolve this issue.
Another striking observation was that methyl jasmonate induced a strong and rapid accumulation of N-methylputrescine (mPut), both as free and soluble-conjugated forms (Fig. 1C) . Elicited cells also accumulated detectable amounts of insoluble conjugated mPut, but other remarkable differences in polyamine accumulation profiles (i.e., of putrescine, spermine, and spermidine) were not detected during the observed time period, neither in the free nor in the soluble and insoluble conjugated The number and frequency (in parentheses) of all MJM tags with defined functional categories annotated is indicated. I, induced; R, repressed (according to average linkage hierarchical clustering). forms (data not shown). The accumulation of free mPut combined with its diversion toward conjugated forms and the concurrent activation of other alkaloid biosynthetic routes leading to anatalline and anatabine could suggest that a rate-limiting step in nicotine biosynthesis is the conversion of mPut to N-methylaminobutanal. This reaction is catalyzed by the enzyme methyl putrescine oxidase, of which the corresponding gene has not yet been identified. Again, functional analysis of novel genes, for instance putative oxidases, clustering together with known nicotine biosynthetic genes (Fig. 2C ) might resolve this issue.
Phenylpropanoid, Isoprenoid, and Primary Metabolism. In addition to nicotine biosynthetic genes, the transcript profiling analysis also included a set of MJM gene tags, induced within 2-6 h, that show similarity to genes potentially encoding enzymes involved in phenylpropanoid metabolism (see Table 2 and Fig. 4) . Indeed, TLC experiments suggested that jasmonates also induced the production of several phenylpropanoid-like compounds in tobacco BY-2 cells (see Fig. 5 , which is published as supporting information on the PNAS web site). Various members of the phenylpropanoid family or structural genes of the phenylpropanoid pathway have previously been reported to be inducible by jasmonate or stress conditions (23, 33, 44, 45) . After further analysis of elicited phenylpropanoid-like compounds, no clearcut patterns of flavonoids, anthocyanins, lignans, or coumarins could be identified. However, the occurrence of these classes of compounds cannot fully be discarded because various trimethylsilyl derivatives of trace compounds were found at their typical mass range (between 350 and 550) (data not shown). Remarkably, although reported previously to be jasmonate responsive, also in tobacco cells (27) , no increased accumulation of sesquiterpenes (for instance, capsidiol) could be detected in jasmonateelicited BY-2 cells (data not shown). Moreover, metabolite analysis at later time points (96 h) showed a considerable decrease in intracellular levels of other isoprenoids, such as ␤-carotene (see Fig. 5 ) and campesterol (data not shown) in jasmonate-treated BY-2 cells. Again, this finding was surprising, because isoprenoid biosynthetic pathways have previously been reported to be jasmonate inducible (12, 46, 47) . Accordingly, in the MJM data set, no genes proven to be involved in isoprenoid biosynthetic pathways were represented. Additionally, the transcript profiling indicated an extensive genetic reprogramming of primary metabolism, which might sustain secondary metabolic pathways (see Fig. 4 ). Analogous observations have been found in pathogen-stressed or UV-irradiated parsley cells (48, 49) .
Comparison of the Jasmonate-Modulated BY-2 Transcriptome with
Previously Reported Transcriptomes. The most relevant previously reported ''transcriptome'' that can be compared with the MJM data set was the set of genes differentially expressed in tobacco roots during early stages of alkaloid biosynthesis (50) . This set consists of 60 cDNAs, whose sequence has been released for 45 that were isolated by subtractive hybridization screening of a tobacco root library. For eight of them, one or more homologs (lowest BLASTN value 1e
Ϫ24
) were found in the MJM data set, including all of the genes related to alkaloid biosynthesis (50), i.e., S-adenosyl-L-methionine synthetase, arginine decarboxylase, and ornithine decarboxylase (Fig. 2 B and D) .
Another transcriptome of interest was the microarray survey (8, 200 genes) of the transcriptional response to mechanical wounding of Arabidopsis plants (33) , a response in which several plant hormones, among which jasmonates, are known to play an important role (34) . Because of the qualitative differences in secondary metabolism between Arabidopsis and tobacco, the comparison is limited here to the Arabidopsis wound-responsive genes that encode signaling and regulatory proteins (129 in total; see Table 1 ) that were also early induced by wounding (Fig. 2F) . These genes code for putative AP2-domain and WRKY-type transcription factors, zinc finger proteins, and protein phosphatases and kinases; consequently, they are prime targets for further functional analysis to establish their potential role in jasmonate signaling and the regulation of plant secondary metabolism.
Comparison with the transcriptome analysis performed in tobacco BY-2 cells, but set up to identify plant cell-cycle-modulated genes (16) , nicely illustrates the specificity of our experimental results. An overlap of 71 genes between the MJM gene tags (459 in total) and the cell-cycle-modulated gene tags (1,340 in total) was observed (lowest BLASTN value 3e
Ϫ13
). However, except for one of the tags corresponding to arginine decarboxylase, essentially none of the above-mentioned gene tags or those that encode genes clearly related to nicotine alkaloid biosynthesis (Fig. 2B) were present in this overlap (see Fig. 6 , which is published as supporting information on the PNAS web site).
Discussion
Combining targeted metabolite analysis and cDNA-AFLPbased transcript profiling of jasmonate-elicited tobacco BY-2 cells yielded an ample inventory of known and novel genes (MJM genes), of which a substantial part is potentially involved, either structurally or regulatory, with tobacco secondary metabolism. In-depth comparisons with previously reported transcriptome analyses underscore the specificity and the potentially additive value of the cDNA-AFLP transcript profiling technology to unravel secondary metabolism in nonmodel plant systems. The gene inventory revealed the presence of all, except one, of the genes known to be involved in the biosynthesis of nicotine alkaloids in Nicotiana species. Most of these were induced early by methyl jasmonate in tobacco BY-2 cells (within 2 h) and clustered together with novel genes or genes encoding proteins with still unknown functions (Fig. 2C) , which are probable candidates to encode the missing links in nicotine biosynthesis. Moreover, kinetic analysis of MJM genes in relation to the kinetics of appearance of the different nicotine-related alkaloids will allow selecting the most likely candidate genes involved in nicotine-related alkaloid biosynthesis.
The transcriptome also revealed numerous jasmonateinduced genes involved in signal transduction, such as transcription factors, GTP-binding proteins, receptors, kinases, and phosphatases ( Fig. 2F ; see also Table 2 ). Little is known about the regulation of secondary metabolite biosynthesis in plants and on the action mechanisms of jasmonates. Such a detailed analysis of jasmonate-regulated genes could shed new light on this interesting problem. For instance, the most represented family of transcription factors within the MJM data set is the AP2-domain family. Members of this family have been shown to be jasmonate responsive and to be involved in terpenoid indole alkaloid metabolism (51, 52) . Remarkably, for all MJMs belonging to the AP2-domain family, up-regulation can be observed from the first time point in the experimental period ( Fig. 2F ; see also Table 2 ), thus preceding the up-regulation of genes involved in nicotine biosynthesis. This finding mirrors the potential role of the AP2 factors as activators of tobacco secondary metabolism.
In conclusion, the functional genomics approach described here could stimulate the further dissection and engineering of plant secondary metabolism. The extensive amounts of detailed kinetics data that are obtained can provide vital information to enable both biosynthetic pathway and signal cascade mapping. Importantly, the cDNA-AFLP-based transcript profiling technique can also discriminate between enzyme isoforms (17) , which often play distinct roles in primary and secondary metabolism. However, the major advantage of the cDNA-AFLPbased transcript profiling is that no preexisting gene sequence databanks are required. Consequently, in principle this method can be applied on any plant or plant cell culture to unravel the biosynthesis of any metabolite. In the field of plant secondary metabolism this is an important asset because many highly interesting compounds are often produced by poorly characterized, rare, or exotic plant species.
